Summary. At least 71% of CF1 \m=x\ B6SJLF1/J embryos developed from the 1-cell stage to the blastocyst stage in an optimum glutamine concentration of 1 mm, as long as glucose was present after the first 48 h of culture. Blastocysts raised under these conditions had significantly more cells than did blastocysts raised in CZB medium alone (glutamine present, glucose absent). Embryos raised in vivo accumulated 170\p=n-\200 fmol glutamine/embryo/h at the unfertilized egg and 1-cell stages with a decline to 145 fmol/ embryo/h at the 2-cell stage, followed by sharp increases to 400 and 850 fmol/embryo/h at the 8-cell and blastocyst stages. The presence or absence of glucose in the labelling medium had no effect on glutamine uptake by these embryos. Embryos raised in vitro accumulated 2\p=n-\3 times more glutamine at stages comparable to those of embryos raised in vivo. In all cases in which 1-cell to blastocyst development in vitro was successful, glucose was present in the culture medium and the incremental uptake of glutamine between the 8-cell stage and the blastocyst stage was approximately 2-fold. This was also the increment for in-vivo raised embryos. When glucose was not present after the first 48 h, the 8-cell to blastocyst glutamine increment was not significant, and development into blastocysts was reduced. The results also show that glutamine can be used as an energy source for the generation of CO2 through the TCA cycle by all stages of preimplantation mouse development, whether raised in vivo or in vitro from the 1-cell stage. Two-cell embryos raised in vivo converted as much as 70% of the glutamine uptake into CO2, consistent with an important role for glutamine in the very earliest stages of preimplantation development. Cultured blastocysts appeared to convert less glutamine and the presence of glucose in the culture medium seemed to inhibit this conversion.
Introduction
Successful culture of 1-cell mouse embryos beyond the 2-cell stage has been reported to be a func¬ tion of mouse strain (Whitten & Biggers, 1968; Kaufman & Sachs, 1976; Abramczuk et ai, 1977) , culture medium (Biggers et ai, 1967; Cross & Brinster, 1973; Abramczuk et ai, 1977; Loutradis et ai, 1987) and culture environment (Quinn & Harlow, 1978) . Chatot et ai (1989) have shown that the use of CZB medium that contains glutamine and EDTA, but not glucose, for the culture of CF1 x B6SJLF1/J 1-cell embryos (which block at the 2-cell stage in vitro in most media) allows the development of 83% of these embryos beyond the 2-cell stage. At least 50% will develop to the blastocyst stage in CZB medium, provided that glucose is added to the culture at 48 h. This medium has been used to culture 1-cell embryos from a variety of different strains of mice (Chatot et ai, 1990) with only minor adjustment to the timing of the glucose addition required by the embryos for optimum development to the blastocyst stage.
Glutamine has been implicated as an important amino acid in the maturation of hamster oocytes (Gwatkin & Haidri, 1973) , in the development of rabbit embryos (Bae & Foote, 1975) , in the development of hamster embryos beyond the 2-, 4-and 8-cell culture blocks (Bavister et ai, 1983; Carney & Bavister, 1987; Schini & Bavister, 1988) , in the development of random-bred mouse zygotes beyond the 2-cell stage in culture (Chatot et ai, 1989 (Chatot et ai, , 1990 and in the in-vitro development of pig embryos from the 1 -2-cell stage to the blastocyst stage (Petters et ai, 1990) .
Glutamine has been shown in a variety of cultured cell lines (Eagle et ai, 1955; Zielke et ai, 1976 Zielke et ai, , 1984 Reitzer et ai, 1979; Brand, 1985; Lanks, 1987) and in bovine blastocysts (Rieger & Guay, 1988) to be utilized as an energy substrate in place of glucose via its oxidation to C02 through the TCA cycle. A reciprocal relationship between the utilization of glutamine and glucose has been demonstrated in human diploid fibroblasts (Zielke et ai, 1984) . In addition to its role as a potential energy substrate, the conversion of glutamine to glutamate and subsequently to aketoglutarate is central to a series of reactions in intermediary metabolism (Stryer, 1988) , including the synthesis of NAD, heteropolysaccharides, glycoproteins, and amino acids, as well as feeding ammonia into the urea cycle. Glutamine is also required for the synthesis of purine and pyrimidine bases necessary for nucleic acid synthesis (Salzman et ai, 1958; Nomura & Rubin, 1988) .
The present study expands the observations on glutamine in the preimplantation mouse embryo: (1) to determine optimum concentrations of glutamine for embryo development in vitro; (2) to determine whether pyrrolglutamic acid, a degradation product of glutamine (Blomback, 1967) , is toxic to embryos; (3) to characterize and compare the uptake of glutamine in embryos isolated from in vivo at various stages with that of embryos cultured in CZB medium in the presence and absence of glucose, and (4) to determine whether glutamine is metabolized through the TCA cycle to C02 in embryos raised in vivo as compared with those cultured in vitro. (Chatot et a!, 1989) , Embryos from each mouse were kept in separate 50-µ1 holding drops of CZB medium until adequate numbers of embryos were collected and then randomly distributed in fresh holding drops across all samples in each experiment. All manipulations were performed in a darkened room (Schumacher & Fischer, 1988) and all solutions, dishes and instruments were maintained at 37°C before use.
Materials and Methods
Culture media. Embryos were cultured in CZB medium (Chatot et a!, 1989) which contains 5 mg BSA/ml, 1 mMglutamine and lacks glucose. CZB medium was prepared on the basis of weight using sterile endotoxin-free tissue culture grade water (Cat. * W3500, Sigma) or water from a Nanopure II water purification system (Nanopure, Sybron/Barnstead, Boston, MA, USA) as previously described (Chatot et a!, 1989 (Chatot et a!, 1989 (Sokal & Rohlf, 1981) (Fig. 1) . In a 50-µ1 culture drop, 100 embryos were labelled. Culture dishes were placed into a sealed culture chamber, gassed with 5% C02/5% O2/90% N2 and then incubated at 37°C for 30 min. Embryos were removed in groups of 25, washed rapidly through 3 drops of CZB medium without radioactivity and frozen in 1-2 µ medium in 1 -5 ml microcentrifuge tubes at -20DC.
For processing, samples were thawed, 10 µ water added and embryos were freeze-thawed 3 times. Embryo lysates were precipitated with trichloroacetic acid (TCA) to generate acid-soluble and acid-precipitable fractions (Tasca & Hillman, 1970; Brinster, 1971; Borland & Tasca, 1974) Efflux of radioactive glutamine. One-cell embryos were treated with hyaluronidase, washed 3 times in HBSS + BSA and placed in a holding drop of CZB medium with 1 mM-glutamine. Embryos were washed through a 50 µ drop of CZB with 1 mM-glutamine and 5 pCi [3H] glutamine into an identical labelling drop. Each 50 pi labelling drop contained 100 embryos. Culture dishes were placed in a sealed culture chamber, gassed with 5% C02/5% O2/90% N2 and incubated at 37°C for 1 h. Groups of 25 embryos were removed from their labelling drops, washed rapidly through 3 drops of CZB medium containing 0, 0-001, 0-01, 0-1 or 10 mM-glutamine and placed in 50 µ drops of CZB medium containing these same amounts of glutamine. A single 25-embryo sample was frozen immediately after washing to serve as a no-efflux control. Culture dishes were returned to the sealed, gassed culture chamber and incubated at 37°C for 1 h. Embryos were removed from their efflux drops and frozen immediately in 1 µ efflux medium. Samples were precipitated with TCA as previously described. Data represent the average of 4 replicates. Significant differences between the effects of different concentrations of glutamine during efflux were evaluated by Student's / test. Generation ofC02from f14C'¡glutamine. As described for glutamine uptake experiments, embryos were flushed from the oviducts or uteri at 24-h intervals for in-vivo raised samples and embryos were removed from culture at 24-h intervals from Day 2 through Day 5 of culture. Isolated embryos were washed through 3 drops of glutamine-free Hepes-buffered CZB medium (pH 70). This medium differed from regular CZB medium (Chatot et a!, 1989) 
Results

Embryo culture
Preliminary experiments demonstrated that CZB medium containing 1 mM-glutamine com¬ pared with 2 or 5 mM-glutamine was optimal for development of 1-cell CF1 x B6SJLF1/J embryos to the blastocyst stage (C. L. Chatot & C. A. Ziomek, unpublished data). However, the possibility that 1 mM-glutamine might be suboptimal in comparison with lower glutamine concentrations was not tested. Therefore, the ability of CZB medium to support development of 1-cell CF1 x B6SJLF1/J embryos was assessed, both with and without a Day-3 glucose injection, using 1, 0-5 and 01 mM-glutamine. One-cell embryos cultured in CZB medium with 1 mM-glutamine and a Day-3 glucose injection developed better than any other variation (Table 1) Glutamine uptake was then determined for embryos isolated from in vivo at unfertilized egg, 1-cell, 2-cell, 8-cell to early morula, and blastocyst stages (Table 2) . Uptake was measured in the absence and presence of glucose in the CZB medium. Uptake of glutamine to CZB medium declined between the 1-cell and the 2-cell stages, and then increased to the blastocyst stage. The addition of glucose to the labelling medium had a significant effect only at the blastocyst stage. As with the glutamine titration data, 96-98% of glutamine uptake was found in the TCA-soluble rather than in TCA-precipitable material. (Table 2) . Embryos showed significant increases in glutamine uptake between Days 2 and 3, 3 and 4 and 4 and 5 in all cases. However, in CZB medium without glucose signifi¬ cantly less glutamine was taken up by embryos which developed to the blastocyst stage under these conditions than by blastocysts which developed in the presence of glucose from the start of culture or with a Day-3 injection of glucose. Blastocysts cultured in the presence of glucose increased their rate of glutamine uptake by about 2-fold over the 8-cell stage. Those raised without glucose in the medium hardly increased uptake at all between the 8-cell and blastocyst stages. The few blastocysts which developed in CZB medium lacking glucose were generally smaller and less healthy than those which developed in the presence of glucose. Glucose did not affect the fraction of glutamine that was TCA-precipitable: >99% glutamine was found in the TCA-soluble fraction of cultured embryos.
When uptake of glutamine in cultured embryos ( glutamine uptake in cultured embryos than in in-vivo raised embryos (P < 0001 for total and TCA-soluble glutamine). However, less glutamine was found in the TCA-precipitable fraction in in-vitro raised embryos ( ^0 03). The percentage of total glutamine that was found in TCA-precipitable counts in vitro was 5-10% of that in vivo (Table 2) . This was largely a function of the overall increase in glutamine uptake exhibited by embryos in culture rather than a large decrease in the absolute amount of glutamine in TCA-precipitable material.
In another series of experiments, glutamine uptake by embryos raised both in vivo and in vitro for embryos raised in vivo was 3-44 + 0-26 (1-cell), 513 ± 0-59 (2-cell), Glutamine efflux (or exchange) One-cell embryos were flushed from in vivo and labelled in CZB medium without glucose for 1 h. After washing, these embryos were allowed to efflux for 1 h in CZB medium containing differ¬ ent concentrations of unlabelled glutamine as described in 'Methods' (Table 3 ). In comparison with the no-efflux control which was processed immediately after labelling and washing, efflux in any medium variant demonstrated a 17-25% reduction in total glutamine found in the embryos. Effluxed samples did not differ from each other except in the case of 0001 mM compared with 10 mM-glutamine. As the glutamine concentration in the efflux medium increased, however, there was a slight decline in the amount of labelled glutamine found in the embryos. (Table 4 ). Blastocysts were not tested in this medium as none developed in vitro during the course of these experiments. There seems to be some seasonal variation in the ability of these embryos to develop in culture to the blastocyst stage in the absence of a Day-3 glucose injection (C. A. Ziomek, C. L. Chatot, J. Lewis-Williams & I. Torres, unpublished data). Embryos which developed in CZB medium with a Day-3 glucose injection gave significantly reduced gluta¬ mine utilization at the morula stage compared with CZB medium alone. A significant decline in glutamine utilization in CZB medium with glucose occurred between the morula and blastocyst stages. The percentage of total glutamine taken up per h which was utilized to generate C02 in cultured embryos was <20% in all cases. Values are mean + s.e.m. for the number of replicates (N) indicated; each replicate contained 3 embryos. CZB-»Day 3 + glucose, embryos were grown in CZB medium for Days 1 and 2 of culture, on Day 3 at 48 h glucose was injected into the culture as described in 'Methods'. a.b,c,<u.r.g,h.¡Like pairs are significantly different from each other at « 001 (b,d,f,h,i) and ^0-005 (a,c,e,g ).
Embryos at the 2-cell, 4-8-cell and blastocyst stages utilized significantly less glutamine when raised in vitro than their in-vivo raised counterparts (P < 003 in all cases). At the morula stage, in the presence and absence of glucose, glutamine utilization was slightly greater for in-vitro than for in-vivo raised embryos (Table 4) .
Discussion
The present experiments were done to gain a better understanding of the effects of CZB medium on glutamine uptake and utilization. The results clearly show effects of the medium upon both par¬ ameters. The data presented here confirm the beneficial effect of 1 mM-glutamine and extend the dose response to lower concentrations (0-5 mM and 01 mM) which proved to be suboptimal. Gluta¬ mine was taken up by embryos from the unfertilized egg stage to the blastocyst stage both when embryos were flushed immediately from in vivo or were cultured in vitro in CZB medium. In 1-cell embryos raised in vivo, total glutamine uptake into the embryo increased proportionately with the amount of glutamine in the medium (up to 10 mM), possibly indicating a diffusional uptake mechanism. Glutamine uptake was constant at the unfertilized egg and 1-cell stages and increased rapidly at the 8-cell, morula and blastocyst stages. These results are consistent with observations on the uptake of several other amino acids, in particular, methionine, lysine, alanine, phenylalanine, glutamic acid and leucine, by preimplantation stage mouse embryos (Monesi & Salfi, 1967; Epstein & Smith, 1973; Borland & Tasca, 1974 Kaye et ai, 1982; Keefer & Tasca, 1984; Van Winkle, 1988 ). The present observation of a decline in glutamine uptake at the 2-cell stage before a rapid increase in accumulation at the 8-cell stage is consistent with the pattern of leucine uptake described by Monesi & Salfi (1967) and Epstein & Smith (1973) . Embryos cultured and labelled in the pres¬ ence of 1 mM-glutamine, although following the same pattern of uptake, accumulated 2-3 times more glutamine than did in-vivo raised embryos at each of the stages examined except the blasto¬ cyst stage. The increase in the amount of glutamine uptake in embryos raised in vitro compared with those raised in vivo must be a result of the culture medium. This result may reflect differences in the availability of glutamine in the oviduct and uterus compared with the cultured medium. Schultz et al. (1981) have determined the glutamine pool size for CFLP mouse eggs, 8-cell embryos and blastocysts to be 94 ± 22, 366 + 27 and 348 + 108 fmol/embryo, respectively. In the present study, the amount of glutamine accumulated at each embryo stage represents more than the estimated glutamine pool sizes for CFLP mouse embryos.
In cultured embryos, the addition of glucose to the culture and labelling medium caused signifi¬ cant increases in glutamine uptake at the 8-cell-morula and blastocyst stages when 1 mM-glutamine are present during labelling and at the blastocyst stage when 1 mM-glutamine was absent during labelling. Glucose addition had no effect on uptake in in-vivo raised embryos until the blastocyst stage when embryos were labelled in the presence of non-radioactive glutamine, at which time glutamine uptake declined. This is in contrast to the results of Gardner et ai (1989) who, using a non-invasive ultramicrofluorometric method to measure net glutamine uptake, demonstrated a significant decline in glutamine uptake in an M2 based medium by 1-, 2-and 8-cell CF1 embryos upon the addition of pyruvate, lactate and glucose. These observed differences in uptake in these two studies may reflect differences in medium composition or variations in the CF1 females (which were obtained from different suppliers). It is also possible that the decline in glutamine uptake observed by Gardner et ai (1989) was not due primarily to the glucose addition but to the addition of lactate and pyruvate, two energy sources known to be used by the mouse embryo. These energy substrates were present in CZB medium throughout the present study.
In the presence of 1 mM-glutamine, 75% of the radiolabelled glutamine was retained by the embryo with an efflux or exchange of 25% with the surrounding medium during 1 h. Whether this loss represents only glutamine or one or more of its many soluble metabolites is not known. It is evident that external glutamine neither retards nor stimulates the efflux (or exchange) of glutamine from the internal pool of the embryo, since the optimum concentration of glutamine for embryo culture allowed the greatest amount of efflux (or exchange), while the lowest efflux occurred in the absence of external glutamine. This latter result suggests that glutamine and/or its metabolites diffuse slowly across the embryo cell membrane. This result is in agreement with those of Kaye et ai (1982) who demonstrated increased efflux of [35S]methionine from preloaded embryos (unfertilized egg to morula stages) in medium with increasing concentrations of non-radioactive methionine. However, the amount of methionine effluxed, which was 60-80% of initial uptake, was greater than that observed here for glutamine.
TCA precipitation of the embryo extracts revealed that 92-98% of the total accumulated gluta¬ mine was found in the TCA-soluble fraction suggesting that very little glutamine was utilized for protein synthesis during preimplantation stages for both in-vivo and in-vitro raised embryos. This result agrees with the findings of Brinster (1971) (Reitzer et ai, 1979) , 35% of the glutamine was converted to C02, 13% was detected as lactate and 18-25% was incorporated into macromolecules. A similar effect was observed for human diploid fibroblasts (Zielke et ai, 1976 (Zielke et ai, , 1980 and L929 mouse cells (Lanks, 1987) Zielke et al. (1984) and Brand (1985) described a reciprocal regulation of utilization between glutamine and glucose. Glucose inhibited the oxidation of glutamine by as much as 85%, whereas other energy substrates, such as ketone bodies and fatty acids, had no effect (Sumbilla et ai, 1981) . Overall, in cells in culture, rates of glutamine oxidation are a function of the concentrations of glutamine and glucose, as well as the levels of the enzyme glutaminase, which increases in rapidly proliferating cells (Sevdalian et ai, 1980; Brand, 1985) .
In cultured embryos, there was a steady increase in the generation of C02 from [14C]glutamine with further development. The percentage of total glutamine taken up by cultured embryos that was used for C02 production was less than 20% in all cases. This reduced level, compared with invivo raised embryos, was not due to a severe decline in the absolute amount of glutamine utilization but was the result of the increased uptake of glutamine in cultured embryos. The presence of glucose in the culture medium caused a significant decrease in the utilization of glutamine at the 8-cell to morula stage. The further decline in glutamine utilization at the blastocyst stage may rep¬ resent the need to shuttle glutamine to other synthetic systems in vitro as cell numbers increase and the embryo requires increased synthesis of nucleic acids and proteins. Cultured embryos may also behave like other cells in culture where the presence of glucose causes a significant decline in glutamine utilization.
It is apparent from these results that glutamine can be utilized by preimplantation mouse embryos as an energy substrate in addition to pyruvate and lactate. Both pyruvate and lactate have been shown to be metabolized through the TCA cycle to generate C02 in vivo (Wales & Whittingham, 1967 and in vitro (Brinster, 1969; Wales & Whittingham, 1970) . Perhaps the addition of glutamine to the culture medium provides an additional boost in flux through the TCA cycle which js required for the generation of sufficient energy to develop in vitro beyond the 2-cell stage for strains which exhibit a developmental arrest in vitro at this stage, although other explanations are possible.
The present study has shown that glutamine which enhances the development of 1-cell CF1 x B6SJLF1/J embryos beyond the 2-cell stage in vitro has an optimum effective concentration of 1 mM and that embryos are not significantly affected by pyrrolglutamic acid, a potentially toxic degradation product of glutamine. Glutamine 
